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1. Introduction 
Proteins are an essential element in the human diet. As food ingredients, they are primarily 
sourced from plants and animals; important sources include cereals, meat, poultry, fish and 
dairy. Proteomics offers a powerful new way to characterise the protein component of foods. 
Proteomics not only reveals which proteins are expressed in each tissue type, it also allows the 
investigation of differences in the protein composition of different tissues. In addition it has 
the power to track the proteome of tissues before and after harvest/slaughter, and to evaluate 
the effect of downstream treatments such as cooking or curing. 
The proteomic evaluation of food proteins presents a unique set of challenges and 
opportunities. Muscle, milk and cereal proteomes are dominated by very abundant proteins, 
creating a dynamic range problem. In addition to post-translational modifications produced 
in vivo, food proteins are subjected to a wide range of post-harvest/post-slaughter 
environmental and processing insults prior to consumption. These modifications include 
side-chain oxidation, cross-link formation and backbone cleavage, and critically influence 
key food properties such as shelf-life, nutritional value, digestibility and health effects. 
A profound understanding of proteomics, protein modifications and redox chemistry has 
allowed us to pioneer the application of redox proteomics to foods. This has led to the 
development of a unique proteomics damage scoring system, allowing a direct link between 
molecular-level understanding to intervention/mitigation at the processing level (Dyer et 
al., 2010). We anticipate that this ability will be pivotal in the development of next-
generation food products. 
This chapter outlines current achievements in the field of food proteomics. It deals with the 
full spectrum of protein-containing foods, including dairy, meat, seafood and cereal 
proteins. We focus on ex vivo protein modifications and their effects on foods. We devote 
attention to redox proteomics approaches applied to food, and pay special attention to the 
recent development of advanced redox proteomic-based approaches to evaluate and track 
food protein modifications. These approaches are illustrated in a case study that compares 
the protein damage level in a number of commercially available dairy products. 
2. Proteins and nutrition 
Proteins are key functional and structural components of all living cells and are an essential 
element in the human diet. The human body is capable of synthesising most of the amino 
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acids from other precursors, but is unable to produce the nine essential amino acids (His, Ile, 
Leu, Lys, Met, Phe, Thr, Trp, Val), which must be supplied from the diet. Another six amino 
acids (Arg, Cys, Gln, Gly, Pro, Tyr) can be produced by the body, but may need a dietary 
source when endogenous production cannot meet metabolic requirements. Amino acids also 
act as precursors for many coenzymes, hormones, nucleic acids and other molecules, and 
can also be used as a metabolic fuel. 
The total amount of protein in the body is fairly static, but individual proteins are constantly 
being degraded and re-synthesised. The rate of this turnover is affected by stage of life and 
level of activity. That makes the inclusion of an appropriate quantity of high quality protein 
in the diet critical for growth and development in children and the maintenance of good 
health in adults. 
Protein can be sourced from plants and animals; important sources include cereals, meat, 
poultry, fish and dairy foods. These sources differ in the relative bioavailability of protein 
and, in particular, essential amino acids. In general the digestibility of proteins from 
vegetable sources is lower than for those of animal origin, being around 78-85% as opposed 
to 94-97% for meat, dairy and eggs. Animal sources of protein also generally have higher 
levels of the essential amino acids. 
Proteomics, through the application of gel and non-gel approaches, offers a powerful new 
way to characterise the protein component of foods. Whereas genomics provides 
information on the total genome of the organism, proteomics reveals which proteins are 
actually expressed in each tissue type. Furthermore the application of proteomic techniques 
offers a way to investigate differences in the protein composition of different tissues within 
a specific animal or vegetable food type, as well as between different varieties of it. In 
addition it has the power to follow changes in the protein component of various tissues 
during growth, maturation and post-mortem or post-harvest, as well as downstream 
treatments such as cooking. 
3. Food proteomics 
This section overviews and summarises the application of classical proteomics in food 
science, broken down into major food protein groups. 
3.1 Dairy 
Proteomics has been successfully applied to the study of milk proteins by many research 
teams, and significant effort has gone into the characterisation of the milk proteome. Also, 
bioactive milk components are of enormous scientific and commercial interest. Proteomics 
approaches have been used to compare milk from different species, while proteomic 
evaluation of other dairy products such as cheese has been a specialist subject that has also 
received attention. 
In general, the dynamic range of proteins in milk poses a challenge to proteomics 
technologies. This is because the proteins in milk tend to be dominated by the caseins, which 
make up some 80% of the total protein content. Even when these are removed, the minor 
components in whey are dominated by one or two proteins; in bovine milk these are α-
lactalbumin and β-lactoglobulin. Dynamic range issues have been overcome thanks to 
improvements in mass spectrometer sensitivity, coupled with the application of depletion 
and/or fractionation techniques. Casein, for example, is easily removed by acid 
precipitation. Alternatively affinity purification has been successfully used to remove IgA, 
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lactoferrin, α-lactalbumin and serum albumin from human colostrum, allowing the 
identification of 151 proteins, over half of which have not been previously identified in 
colostrum or in milk (Palmer et al., 2006). 
Following fractionation, substantial attention has been given to the identification of minor 
(including bioactive) components in milk. In one study 2-dimensional electrophoretic (2-DE) 
proteomic methods were applied to bovine whey after it had been fractionated into acidic, 
basic and non-bound components by semi-coupled anion and cation exchange 
chromatography (Fong et al., 2008). Utilising this approach, a large number of minor whey 
proteins were identified, some of which had not been previously reported in milk; in 
particular the acidic fraction was found to have a group of osteopontin peptides. Other 
investigators have used proteomics approaches to compare milk from different species to 
evaluate their suitability as a substitute for human milk (D'Auria et al., 2005). 
Discovery and characterisation of bioactive milk components is of enormous scientific and 
commercial interest. For example, the host defence proteins in milk and colostrum have the 
potential to add significant value to the dairy industry, and techniques have been put in 
place to fractionate and analyse them using proteomics (Smolenski et al., 2007; Stelwagen et 
al., 2009). 
The milk fat globule membrane (MFGM) constitutes another important component of milk. 
MFGM composition is of interest because it is known to be rich in bioactive components and 
there is increasing evidence that there are significant health benefits associated with the 
consumption of MFGM. Vanderghem et al. (2008), investigating a simple and rapid 
approach for the extraction of the MFGM, evaluated a number of different detergents and 
found that the inclusion of 4% CHAPS resulted in the removal of the highest amount of 
skim milk proteins as evaluated by 2-DE. Affolter et al. (2010) profiled two fractions of the 
MFGM, a whey protein concentrate (WPC) and a buttermilk protein concentrate (BPC) 
using three different approaches. Using a LC-MS/MS shotgun proteomics approach, 244 
proteins were identified in WPC and 133 in BPC, while label-free profiling was used for 
semi-quantitative profiling and the determination of protein fingerprints.  
Water soluble extracts of Teleme cheeses prepared from ovine, caprine and bovine milk 
were separated by 2-D gel electrophoresis and analysed by MALDI-MS and by HPLC in 
conjunction with Edman degradation, MS and tandem MS (Pappa et al., 2008). The 2-DE 
gels tended to be dominated by the casein and whey proteins, while in the MS analysis of 
the RP-HPLC-separated peptide fractions a few predominant peptides tended to mask the 
minor components. Nevertheless, enough differences were observed to enable the source of 
milk to be identified. Species specific differences were also observed in the tandem MS of 
peptides originating from casein. The effect of variations in milk protein composition on 
cheese yield of chymosin-separated sweet whey and casein fractions was examined by 2-D 
electrophoresis in conjunction with MS and multivariate data analysis (Wedholm, 2008). 
Using this approach it was possible to identify a range of proteins which had a significant 
effect on the transfer of proteins from milk to cheese. Included among these was a C-
terminal fragment of β-casein, as well as a combination of several other minor fragments of 
β-, αs1 and αs-2 caseins, whose individual effect was relatively low. 
3.2 Meat 
The field of meat proteomics has seen steady growth over the past five years. A large 
number of studies have been performed, with a few distinct categories emerging. The post 
mortem conversion of muscle into meat is a significant series of events connected with 
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protein modification and breakdown, and has received substantial attention. This has been 
extended to changes occurring in cooked/cured products. Protein marker discovery for 
various meat quality attributes is another important area. With countless animal breeds all 
providing different muscle/meat parameters of interest, there is significant potential for 
exciting discoveries leading to improved quality/value attributes and product 
differentiation. 
Bjarnadottir et al, (2010) examined the insoluble protein fraction of meat (longissimus 
thoracis) from eight male Norwegian Red dual-purpose cattle during the first 48 hour post-
mortem period using 2-DE and MALDI-TOF MS/MS and noted significant changes in 35 
proteins, divided into three different groups based on predicted function, specifically: 
metabolism, cellular defence/stress and structural. Of these, most of the metabolic enzymes 
involved energy metabolism in the cell, while the cellular defence/stress proteins related 
mainly to the regulation and stabilisation of myofibrillar proteins. Laville et al. (2009) 
examined proteomic changes during meat aging in tough and tender beef using 2-DE and 
found that a higher proportion of proteins from the inner and outer membrane of 
mitochondria were found in the tender group, suggesting that a more extensive degradation 
of this organelle may be related to the apoptotic process. In another study into relationships 
between the protein composition of myofibrillar beef muscle proteins and tenderness 
Zapata et al. (2009) analysed by 1-DE and nano-LC-MS/MS the myofibrillar muscle fraction 
of longissimus dorsi from 22 Angus cross steers that had linearly regressed to shear values. 
Six bands showed a significant relationship and were found to contain a wide variety of 
cellular pathways involving structural, metabolic, chaperone and developmental functions.  
Bouley et al. (2003) applied 2-DE to the separation of proteins from semitendinous 
muscles from Belgian Blue bulls that were either double-muscled homozygotes or non 
double muscled homozygotes. With the aim of identifying markers for muscle 
hypertrophy they found 26 proteins whose expression varied between homozygote types 
and hence had potential as markers for this trait. Shibata et al. (2009), in contrast, were 
interested in how the type of feed affected the muscle proteome of Japanese Black Cattle, 
in particular the difference between grass and grain feeding. The cattle were individually 
housed in a barn and fed a combination of ad libitum and Italian ryegrass hay until 21 
months of age, whereupon half were put onto pasture outdoors until slaughter at 27 
months of age. From 2-DE gels, differences were apparent and involved 20 spots from the 
sarcoplasmic and 9 from the myofibrillar fraction, of which adenylate kinase 1 and 
myoglobin from the sarcoplasmic fraction and slow twitch myosin light chain 2 from the 
myofibrillar fraction were significantly higher in the grazing group. All of this was 
indicative of a change from slow-twitch tissues to fast twitch tissues when the cattle were 
grazed in the latter fattening period. 
The application of proteomics to following post-mortem changes in porcine muscles has also 
been of interest. Using a proteomic approach, te Pas et al. (2009) identified several proteins 
associated with drip loss and shear force in Yorkshire and Duroc pigs but none for cooking 
loss. In a study of post-mortem changes in longissimus dorsi muscles in pigs, Choi et al. 
(2010) used a 2-DE approach to show that muscles exhibiting a higher degree of protein 
denaturation not only displayed lower muscle pH, paler surfaces, and higher degrees of 
fluid loss of exudation, but were also characterised by myofibrillar and metabolic protein 
degradation. As a result of this work it would appear that myosin, actin, the troponin T 4f 
isoform and glycogen phosphorylase fragments have potential for explaining variations in 
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the degree of protein degradation and meat quality. Hwang et al. (2005) also studied post-
mortem changes in longissimus dorsi muscles of Landrace pigs using a gel-based approach, 
comparing those that had been fasted for 18 hours before slaughter with those fed on the 
morning of slaughter. They noted semi-quantitative changes in 27 proteins with muscle 
ageing, including myosin light chain 1, desmin, troponin T, cofilin 2, F-actin capping protein 
β subunit, ATP synthase, carbonate dehydrase, triosephosphate isomerise, actin, 
peroxiredoxin 2, α-b crystalline and heat shock protein 27 kDa. Lametsch and Benedixen 
(2001) used 2-DE to follow post-mortem changes in porcine muscles from 4 to 48 hours, 
paying particular attention to those focusing between 5-200 kDa and pH 4-9, of which 15 
were found to show noticeable changes with time. Morzel et al. (2004) used proteomics to 
monitor the effects of two different pre-slaughter handling techniques on meat aging, 
specifically mixing of animals from different pens and transport to the abattoir 12 hours 
before slaughter with no mixing of animals and immediate slaughter after transport. They 
found significant changes in protein composition with ageing and in animals that were not 
mixed and slaughtered immediately there was over-expression of mitochondrial ATPase 
and increased concentration of a protein thought to be a phosphorylated form of myosin 
light chain 2. Lametsch et al. (2003) also looked at post-mortem changes in pig muscle tissue 
in relation to tenderness and found significant changes in 103 protein spots, of which 27 of 
the most prominent were identified. They found significant correlations between shear force 
and three of the identified actin fragments, the myosin heavy chain, as well as the myosin 
light chain II and triose phosphate isomerase I. A 2-DE approach was used to study 
relationships between protein composition and various meat quality traits in the longissimus 
dorsi muscle from Landrace pigs at various times after slaughter (Hwang, 2004). He found 
that high lightness values (as measured by Hunter L*) and drip loss coincided with high 
proteolysis rates. Moreover, 12 proteins appeared to be related to L* values, including α-
actin, myosin light chain 1, cofilin 2, troponin T and α-b crystalline chaperone proteins. In 
addition four proteins were related to drip values, these being troponin T, adenylate cyclise, 
ATP-dependent proteinase SP-22 and DJ1 protein. 
Proteomics has also been applied to the more general area of protein content and meat 
quality in pork. Kwasiborski et al. (2008) related 2-DE spots of the soluble portion from pig 
longissimus lumborum tissue to known meat quality traits using multiple regression analysis 
and determined that one to two proteins could explain between 25 and 85% of the 
variability in quality in this tissue. Relationships between the water holding capacity of pork 
and protein content were examined by van de Wiel and Zhang (2008) using a 2-DE 
approach. They were able to identify up to eight proteins that appeared to be significantly 
related to water holding capacity; the most clearly related were creatine phosphokinase M-
type (CPK), desmin and a transcription activator. Another proteomic study provided 
evidence for pig muscles that were darker in colour having more abundant mitochondrial 
enzymes of the respiratory chain, haemoglobin and chaperone or regulator proteins (Sayd et 
al., 2006). Lighter coloured meats, in contrast were found to have more glycolytic enzymes. 
The genotype of the pig was also found to have an effect on meat quality (Laville et al., 
2009). They used 2-DE to compare the sarcoplasmic protein profiles of semi-membranous 
muscles from early post-mortem pigs with different HAL genotypes (RYR1 mutation 
1841T/C) and from ANOVA analysis found that 18% of the total matched protein spots 
were influenced by genotype, while hierarchical clustering analysis identified a further 10% 
that were coregulated with these proteins. One of the genotypes was found to contain fewer 
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proteins of the oxidative metabolic pathway, fewer antioxidants and more protein 
fragments. The effect of the positive influence of compensatory growth on meat tenderness 
was examined by Lametsch et al. (2006), who divided female pigs into two groups, one of 
which had free access to the diet, another of which were feed-restricted from day 28 to 80 
and were then given free access to the diet. Forty-eight hours post-mortem, proteins affected 
by compensatory growth were all found to be full length proteins, a result that goes against 
previous hypotheses that compensatory growth results in increased post-mortem 
proteolysis. 
There has been some interest in applying proteomic techniques to analysing cooked pork 
products, including ham. Di Luccia et al. (2005) followed the progressive loss by hydrolysis 
of myofibrillar proteins during the ripening of hams using 2-DE, even to the extent of 
identifying a novel form of actin in the 2D gel. Sentandreu et al. (2007) used MALDI-TOF 
MS and MS/MS to identify peptides generated during the processing of ham. Sequence 
homology analysis indicated that they originated from actin. The protein composition of 
tough and tender pig meat, as defined by its shear force after cooking, was examined by 2-
DE (Laville et al., 2007). They found at least 14 spots that differed significantly in quantity 
between the two groups, in particular, proteins involved in lipid traffic and control of gene 
expression were overrepresented in the tender meats, along with proteins involved in 
protein folding and polymerization. 
When it comes to poultry, proteomics has been applied to identifying proteins differentially 
expressed in Cornish and White Leghorn chickens (Jung et al., 2007). They investigated over 
300 spots in their 2-DE gels and found one protein that was differentially expressed in 
pectoralis muscles and four in peroneus longus muscles, all of which are assumed to be 
associated with muscle development, growth stress and movement in chickens. Nakamura 
et al. (2010) used proteomics to examine the allergenicity of meat from transgenic chickens. 
Using an allergenome approach they were able to identify five IgE-binding proteins that 
from 2D-DIGE analysis were found not significantly changed between non-GM and GM 
chicken. Proteomics also has proved to be useful for detecting chicken in mixed meat 
preparations. Sentandreu et al (2010) developed a method for the extraction of myofibrillar 
proteins and the subsequent enrichment of target proteins using OFFGEL isoelectric 
focusing, which were then identified by LC-MS/MS. Quantitative detection of chicken meat 
was achieved using AQUA stable isotope peptides and it was possible to detect 
contaminating chicken down to levels of 0.5%. 
3.3 Seafood 
There are a wide variety of ways that proteomics can be applied to seafood including the 
identification of species, characterisation of post-mortem changes in the various species of 
fish, or the effect of additives during the processing of fish muscle (Martinez and Friis, 
2004). Gebriel et al. (2010), interested in understanding the effects of environmental, 
nutritional, biological and industrial factors on fish meat quality, undertook a large scale 
proteomic approach to first characterise cod muscle tissue composition. Using 1-DE coupled 
with nanoflow LC and linear trap quadrupole MS they were able to identify 446 unique 
proteins in cod muscle. 
Addis et al. (2010) were interested in how physiological conditions experienced by wild and 
farmed fish affected muscle proteome of gilthead sea bream. They applied 2-DE and mass 
spectrometry to systematically characterise the proteome of this sea bream along the 
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production cycle in four offshore floating cage plants and two repopulation lagoons in 
different areas of Sardinia. From this they were able to conclude that the protein expression 
profile of muscle tissue is comparable between the farmed and those found in the wild and 
therefore that farming in offshore cages would be good for proper muscle development and 
enable the production of higher quality fish. Veiseth-Kent et al. (2010) were also interested 
in the effects of fish farming on muscle and blood plasma proteomes but this time in 
changes induced by crowding. They found that the proteins mainly affected were those 
involved in secondary and tertiary stress responses and thus provided insight into the 
mechanisms causing accelerated muscle pH decline and rigor mortis contraction in salmon 
living under crowded conditions. 
The application of proteomics to the study of post-mortem changes of fish muscle has also 
been of interest. Kjaersgard and Jessen (2003) examined the alterations in cod (Gadus morhua) 
muscle proteins over eight days in storage on ice using 2-DE and noted significant increases 
in intensity for eight spots over the first two hours, while there were significant decreases in 
intensity for two other spots over the entire eight days. 
3.4 Cereal 
Given the importance of rice as a staple food, it is not surprising that significant attention 
has been devoted to its proteome. Komatsu and Tanaka (2004) described the construction of 
a rice proteome database based around 23 reference 2-DE maps ranging from the 
cataloguing of its individual proteins to the functional characterization of some its 
component proteins, including major proteins involved in growth and stress response. As a 
result of this work, a total of 13,129 proteins are contained within these maps, of which 5092 
have been entered into the database. Xue et al (2010) applied proteomics to rice with the 
view to determining its potential for detecting the unintended effects of genetically modified 
crops. By examining the total seed protein expression of two strains of transgenic rice with 
2-DE they found that some of the seed proteins in the two lines differed in their relative 
intensities after comparison with their respective control lines. Kim et al. (2009) examined 
the proteomes of two different cultivars of rice, one high-quality and the other low-quality, 
and identified 15 proteins that may have important roles in quality determination, 
regulation of protein stability of imparting disease resistance during grain filing and 
storage. Ferrari et al. (2009) studied the proteomic profile of rice bran with a view to 
understanding its functional properties. Through a combination of gel and gel-free 
approaches they were able to identify 43 proteins with functions ranging from 
signalling/regulation, enzymic activity, storage, transfer to structural. Kang et al., (2010) 
were interested in the responses of plants to stress and applied a proteomic approach to 
determine how rice leaves respond to various environmental factors. 
Other cereals that have been examined using proteomics include barley, maize, wheat 
(Agrawal and Rakwal, 2006) and corn (Ricroch et al., 2011). In the case of wheat, studies 
have ranged from an examination of the proteome of polyploid wheat cultivars to determine 
the effect of genome interaction in protein expression (Islam et al., 2003), through to 
studying allergens in wheat. For instance, Akagawa et al. (2007) undertook a comprehensive 
characterisation of allergens in wheat using a 2-DE approach coupled with MALDI-TOF MS. 
As a result of this study they were able to identify nine subunits of low molecular weight 
glutenins as being the most predominant IgE-binding proteins. The 2-DE maps they were 
able to generate were also considered to have much potential for the diagnosis of wheat-
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allergic patients or the identification of wheat allergens in food. Proteomics has also been 
applied to identify stress-induced proteins in wheat lines that may have a special role in 
food science (Horváth-Szanics et al., 2006). Using separation on 2-DE gels coupled with 
MALDI MS they studied a set of drought-stressed wide-range herbicide resistant transgenic 
spring wheat lines and noted that a number of inhibitor-like proteins were dominant in the 
stressed transgenic lines. 
Akagawa et al. (2007) undertook a comprehensive characterisation of allergens in wheat 
using a 2-DE approach coupled with MALDI-TOF MS. As a result of this study they were 
able to identify nine subunits of low molecular weight glutenins as being the most 
predominant IgE-binding proteins. The 2-DE maps they were able to generate were also 
considered to have much potential for the diagnosis of wheat-allergic patients or the 
identification of wheat allergens in food. 
3.5 Other 
Proteomic studies of eggs have ranged from simple exploratory investigations to locating 
allergenic proteins or more complex interactome studies. Mann et al. (2008), using high-
throughput mass spectrometry based techniques to search for bioactive compounds in eggs, 
identified 119 proteins in egg yolk, 78 in egg white and a further 528 proteins in the 
decalcified egg shell organic matrix. These included some 39 phosphoproteins from the egg 
shell soluble matrix, 22 of which had not been previously identified as phosphoproteins. 
D’Alessandro et al. (2010) took this one stage further by taking data from the literature and 
then regrouping and elaborating them for network and pathway analysis with the view to 
developing a unified view of the proteomes in egg, specifically those of egg white and yolk. 
As a result they were able to highlight roles for proteins in cell development or proliferation, 
cell-to-cell interactions and haematological system development in the egg yolk. The egg 
white proteins were found to be mainly in pathways involved with cell migration. Lee and 
Kim (2009) compared immunochemical methods such as ELISA, PCR and a proteomic 
approach involving MALDI-TOF and LC-tandem quadrupole-TOF MS for their ability to 
detect some egg allergens. Of these, ELISA proved to be very sensitive and specific; the 
proteomic approach was not able to detect some egg allergens such as ovomucoid because 
of its non-denaturing properties with urea and trypsin, while PCR proved unable to 
distinguish between eggs and chicken meat because it was tissue-non-specific. 
Proteomics has also been applied to determine the extent of natural variation in the ripening 
of tomatoes and ultimately whether it would be possible to set up criteria for ripening at 
each stage (Kok et al., 2008).  
Lei et al. (2011) developed a legume specific protein database incorporating sequences from 
seven different legume species which, when applied, resulted in a 54% increase in the 
average protein score and a 50% increase in the average number of matched peptides. When 
using MALDI-TOF MS data they found their success rate in identifying proteins increased 
from 19% with the NCBI nr database to 34% when they used the LegProt database. 
Legumes are considered an important crop for sustainable agriculture but are relatively 
poor model systems for genetics and proteomics research, largely because of limited 
availability of sequence information. This is also the case for soybean as the sequencing of its 
genome is not yet finished (Komatsu and Ahsan, 2009). Nevertheless, despite the limited 
information available on soybean protein sequences Krishnan and Nelson (2011) were able 
to establish that the soybean cultivars with protein contents greater than 45% of the dry seed 
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weight had a significantly higher content of seed storage proteins than the standard soybean 
cultivar (Williams 82); the largest difference in higher protein quality was within the 11S 
storage globulins. Proteomic studies have even been used to back up claims of the health 
benefits of soy (Erickson, 2005). In a recent study, an isoflavone from soybean has been 
found to prevent the regulation of proteins that induce apoptosis, cells which are the prime 
targets of arteriosclerotic stressors such as oxidised low density lipoproteins (Fuchs et al., 
2005). 
4. Protein modification 
Most difficulties encountered in the proteomic evaluation of foods are due to the complexity 
of food protein modification. Even with advanced proteomic technologies, locating and 
tracking numerous modifications of proteins and peptides at trace levels adducts can remain 
a challenge. The need for accurate evaluation of a wide range of low abundance 
modifications is a differentiating factor associated with the proteomics of ex vivo proteins, 
such as food proteins. This section provides an overview of non-biological (environmental 
or process-induced) post-translation modifications that affect the performance and quality 
of food proteins. 
Extracellular protein modification, particularly oxidative modification, is implicated in 
damage and degenerative processes within a diverse range of biological systems, including 
natural fibres, skin, eyes, pharmaceuticals and notably also in foods and ingredients 
(O'Sullivan and Kerry, 2009; Østdal et al., 2008). Protein and peptide modification plays a key 
role in all food quality and value attributes. Ex vivo modifications such as amino acid side-
chain oxidation, protein-protein cross-linking and backbone cleavage can cause dramatic 
changes in product properties including shelf life, nutritional value, digestibility, functionality, 
health benefits and consumer appeal (Kerwin and Remmele, 2007). For instance, heat and/or 
alkali treatment of foods, feeds or pure proteins is very common in processing and 
manufacturing steps for a wide range of foods and ingredients, including dairy, meat, cereal 
and seafood products. However, such treatments can lead to the formation of a series of 
xenobiotics, including lysinoalanine and ornithoalanine, crosslinked modifications which have 
been implicated in nutritional damage and adverse health effects (Fay and Brevard, 2005; 
Gliguem and Birlouez-Aragon, 2005; Rerat et al., 2002; Silvestre et al., 2006). 
Protein modification at the primary level is caused by a range of molecular mechanisms, but 
in food proteins, redox damage and Maillard chemistries are the major causes of 
modifications. 
Reactive oxygen species (ROS) can be generated through exposure to heat and light, in 
particular, leading to oxidative attack (Dyer et al., 2006a; Grosvenor et al., 2010a; b). Two 
ROS in particular are implicated in protein oxidative degradation: singlet oxygen and the 
hydroxyl radical. Singlet oxygen is a highly reactive electrophilic species that reacts with 
proteins to form hydroperoxides, which decompose to form a variety of secondary 
oxidation products (Min and Boff, 2002). Where lipids are also present in the food system, 
initial oxidation to form lipid hydroperoxides can then result in subsequent secondary 
protein oxidative damage. Such lipid-mediated oxidation is brought about both through the 
triggering of radical chains and via the by-products of free radical lipid oxidation 
(Trautinger, 2007). On the other hand, hydroxyl radicals are highly reactive free radical 
species that can form from the initial generation of hydrogen peroxide and superoxide (Lee 
et al., 2004). Hydroxyl radicals are capable of reacting with any amino acid residue through 
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ǂ-hydrogen abstraction or direct residue side chain attack. In particular, they have an 
affinity for electron rich molecular structures, such as aromatic rings and sulphur-based 
moieties (Nukuna et al., 2001).  
The Maillard reaction is a non-enzymatic process extremely important in the preparation of 
many food types. It results from initial chemical reaction between an amino acid and a 
reducing sugar and usually involves heat (Chichester, 1986). Maillard reaction products 
(MRPs) have a profound influence on food flavour and colour, but also affect all other key 
food properties. It is known that protein-bound MRPs are present at relatively high levels in 
common bakery, milk and cooked meat products. However, as any given modification is 
present in low relative abundance, traditional analytical techniques have had difficulty 
studying these changes at the molecular level. Proteomic approaches offer a highly sensitive 
and specific approach to evaluating Maillard products in foods. 
The next sub-sections examine in more details the types of protein redox damage generated, 
followed by an overview of Maillard chemistries. 
4.1 Side-chain redox chemistry 
For whole proteins, model studies have indicated that protein backbone α- or ǃ- positions 
are not the primary site of attack for reactive oxygen species, but that residue side chains are 
often the first point of ROS attack (Goshe et al., 2000). The protein residues most sensitive to 
oxidative modification are the aromatic and sulfur-containing amino acids (Berlett and 
Stadtman, 1997). Model studies on free amino acid oxidation have found that tryptophan, 
tyrosine, histidine, phenylalanine, and cysteine are the most susceptible to oxidation in 
solution. This correlates well with observations in whole proteins under oxidative 
conditions (Asquith et al., 1971; Asquith and Rivett, 1969; Boreen et al., 2008; Davies and 
Truscott, 2001; Schäfer et al., 1997). 
Tryptophan and tyrosine oxidation results in a wide range of modified products, some of 
which can be used as oxidative markers (Asquith and Rivett, 1971; Davies et al., 1999; Dean 
et al., 1997; Guedes et al., 2009; Maskos et al., 1992; Simat and Steinhart, 1998; Żegota et al., 
2005). Many of these products absorb light in the visible range, such as the tryptophan-
derived yellow chromophore hydroxykynurenine, therefore affecting the colour of the 
protein material. 
Additionally, the sulfur-containing residues cysteine and methionine are highly susceptible 
to oxidative degradation. Within proteins, cysteines are present both as free thiols and 
within disulfide bonds (cystine). Since disulfide networks play an important role in the 
structural and mechanical properties of proteins, oxidative modification resulting in non-
reversible cleavage of these crosslinks is a critical consideration with respect to food texture, 
moisture retention and rheology. It is also noteworthy that disulfide bonds can have a 
protective effect on other residues, due to the same ROS quenching properties that make 
them vulnerable to oxidation (Li et al., 1992). Methionine oxidation results ultimately in the 
generation of methionine sulfoxide, which although a reversible oxidative modification in 
vivo, generally accumulates in extracellular proteins (Garner and Spector, 1980).  
For proteins with low relative amounts of tryptophan, such as collagen, oxidation of other 
non-aromatic residues, such as proline, becomes more prevalent. Proline is susceptible to 
hydroxylation to form hydroxyproline, but other degradation products include glutamic 
semialdehyde and pyroglutamic acid (Sionkowska and Kaminska, 1999; Stadtman and 
Levine, 2006a).  
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Another form of redox modification is side chain scission, with cleavage typically occurring 
at the ǃ-position (Dean et al., 1997; Stadtman and Levine, 2006a). This scission results in 
generation of carbonyl containing moieties as side-chain derivatives. For example cleavage 
of alanine and valine side-chains leads to formation of formaldehyde and acetone 
respectively. Side chain scission can also result in the introduction of a carbon centred 
radical into the protein backbone itself (see also sub-section 4.2). Other non-residue specific 
modifications of note are deamidation and decarboxylation. Deamidation can occur at 
asparagine and glutamine residues, as well as on peptide and protein N-termini. 
Decarboxylation particularly affects terminal residues (Stadtman and Berlett, 1991). 
4.2 Carbonylation and protein backbone cleavage 
The term carbonylation refers to the introduction of carbonyl groups into proteins, either on 
side-chains or on the protein backbone itself, and is a form of modification that has long been 
associated with protein oxidative damage (Holt and Milligan, 1977; Stadtman, 2006). Large 
relative quantities of carbonyl groups can be formed within proteins under oxidative 
conditions, and carbonylation therefore represents the most abundant kind of oxidative 
damage at the molecular level (Stadtman and Levine, 2006a). Carbonyl moieties are often 
formed on residue side chains, notably proline, threonine, arginine and lysine (Scaloni, 2006). 
Protein backbone cleavage can occur when ROS extract ǂ-hydrogen atoms, leading to the 
formation of carbon-centred radicals (Dalle-Donne et al., 2006). These radicals can 
subsequently react with molecular oxygen to form peroxy radicals, then peroxides and 
alkoxyl derivatives. Protein and peptide bond cleavage occurs via two different pathways; 
the diamide and ǂ-amidation pathways (Stadtman and Levine, 2006a). The diamide 
pathways produces peptide fragments with diamide and isocyanate moieties, while the ǂ-
amidation pathway leads to peptide fragments with amide and ǂ-ketoacyl moieties. 
4.3 Protein crosslinking 
Exposure of proteins to heat, alkali and/or oxidative conditions can lead to significant 
protein-protein inter and intramolecular crosslinking (Lee et al., 2004; Stadtman and Levine, 
2006b). Residues with a propensity to form crosslinks include lysine, arginine, tyrosine, 
serine, cysteine and histidine (Taylor and Wang, 2007). 
Lysine can form a range of crosslinks with other residues (Silvestre et al., 2006). Since lysine 
is an essential amino acid for nutrition, process-induced lysine crosslinking is of concern in 
the food industry. The best characterised crosslinked modification product is lysinoalanine. 
Lysinoalanine is formed from initial dehydration of cysteine or serine to form 
dehydroalanine, which subsequently reacts with proximal lysine residues. 
Another key crosslinked modification in proteins is the formation of lanthionine from 
cystine, a crosslinked derivative which cannot be reductively cleaved (Bessems et al., 1987; 
Earland and Raven, 1961). Lanthionine formation is strongly associated with heat and alkali 
treatment of proteins. For proteins under oxidative conditions, the crosslink dityrosine is 
formed from two tyrosine residues after ROS attack to form tyrosyl radicals, followed by 
radical-radical combination (Dyer et al., 2006a).  
4.4 Maillard chemistry 
Particularly in the case of thermal modification, Maillard chemistries can result in a cascade 
of complex modifications that can profoundly affect colour, flavour, digestibility and 
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nutritional value in foods (Gerrard, 2002). The Maillard reaction is a non-enzymatic process 
extremely important in the preparation of many food types. It results from initial chemical 
reaction between an amino acid and a reducing sugar and usually involves heat. The sugar 
carbonyl group reacts with the nucleophilic amino moiety of a free amino acid or protein 
residue to initially form an N-substitute glycosylamine. This unstable compound 
subsequently undergoes Amadori re-arrangement and a complex mixture of resultant 
products can form, many as yet poorly understood. However, these products are 
responsible for a wide range of flavours and odours in foods, with each food type having 
distinct patterns of Maillard reaction products (MRP). 
Application of proteomics in the area of Maillard chemistry was first performed only within 
the last decade, and has subsequently been increasingly applied to study protein 
modification introduced during food processing (Cotham et al., 2003; Gerrard, 2006). 
Challenges still remain in the areas of quantification and development of procedures with 
increased sensitivity to locate novel modifications. Research correlating processing 
parameters to effect on nutritional damage to proteins at the molecular level due to Maillard 
chemistry has been limited to date.  
The effect of MRP on the nutritional value of food is of critical concern and is a topic of 
considerable interest to the food industry. Processing, packaging and storage conditions can 
have a profound influence on the nutritional quality and health effects of food products (Ames, 
2009; Seiquer et al., 2006). Maillard reactions can lead to a decrease in bio-availability of several 
essential amino acids (Hewedi et al., 1994; Shin et al., 2003), decreased protein digestibility and 
formation of some undesirable compounds (Taylor et al., 2003; Uribarri and Tuttle, 2006). The 
risks and benefits associated with consumption of MRPs remains a controversial issue (Lee and 
Shibamoto, 2002). Profiling and tracking nutritional quality of proteinaceous foods, such as 
meat or dairy, throughout processing and storage is of particular importance, due to the 
continuous development of MRP products, even at reduced temperatures. The enhanced 
formation of such products associated with oxidation from vitamins, such as ascorbic acid, 
frequently used as preservatives, is also a concern. MRP formation encompasses a complex 
array of reactions, starting with the glycation of proteins and progressing to form sugar-derived 
protein adducts and cross-links also known as advanced glycation end products (AGE). 
Impaired nutritional value can occur due to changes in protein integrity and function through 
protein crosslinking mediated by AGE. On the other hand, increased antioxidant activity in 
food systems can also be attributed to these reactions.  
The profile and relative abundance of all these modification products vary between specific 
proteins and have a significant effect on all critical food quality traits, as discussed in the 
following sub-section. 
4.5 Effects of protein modification on foods 
Progressive generation of modifications at the protein primary level results in changes to 
secondary, tertiary and higher orders of protein structure through denaturation, protein 
breakdown and conformational re-ordering, leading to observable changes in the holistic 
properties of the food (Dean et al., 1997). An overview of the effects on food proteins is here 
presented based on food type. 
4.5.1 Dairy 
The main dairy protein types are caseins, albumins and globulins (Farrell et al., 2004). These 
proteins impart many of the important nutritional and functional characteristics to dairy 
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food products. Degradation of milk and dairy products represents a significant area of 
concern for the dairy industry, due to the development of off-flavours, impaired nutritional 
quality and function. These problems can appear very rapidly under the right conditions, 
and create consumer complaints (Havemose et al., 2004; Jung et al., 1998; Mestdagh et al., 
2005; Østdal et al., 2008). 
Exposure to heat and/or light, in particular, can result in significant degradation in dairy 
products. For instance, flavour changes become noticeable rapidly in milk exposed to 
sunlight (Mestdagh et al., 2005). Development of off-flavours in milk and cheeses on light 
exposure is photosensitised by riboflavin (Becker et al., 2005). Such photo-oxidation 
increases protein carbonyl levels and leads to the formation of numerous tryptophan, 
tyrosine, histidine, and methionine oxidative products, as well as crosslink formation, 
notably dityrosine (Dalsgaard et al., 2007). Oxidation alters the structure of all the major 
milk proteins, with caseins particularly vulnerable to modification (Dalsgaard et al., 2008). 
Changes in protein folding, and polymerisation have been noted particularly for 
lactalbumin and lactoglobulin (Dalsgaard et al., 2007). The hydrolysis of dairy proteins is 
also affected by oxidation. Impaired accessibility of chymosin to oxidised dairy proteins has 
been observed, resulting in altered peptide profiles, including lowered total amounts of free 
N-termini (Dalsgaard and Larsen, 2009). Other notable modifications for dairy products are 
lysine-derived protein-protein crosslinks. In particular, lysinoalanine is formed from alkali 
or heat treatment of dairy proteins, and is therefore typically present in all common dairy 
products and ingredients at varying levels. 
4.5.2 Meat and seafood 
Flavour, colour, texture and nutritional value comprise the most essential quality attributes 
for all varieties of meats, seafoods and their derivative products, with a direct correlation to 
value and quality (Kerry and Ledward, 2009). These attributes are directly linked to the 
protein content. Meat typically consists of 10-30% proteins, depending on the species and 
the cut (Paul and Southgate, 1985). Meat flavour is derived from its profile of proteins, 
peptides, carbohydrates and lipids (Spanier et al., 2004; Wood et al., 1999). For meat 
products, lipid oxidation must be considered together with protein modification. Aldehyde-
derived secondary lipid oxidation products are associated with the formation of 
proteinaceous chromophores, and therefore influence colour (Sun et al., 2001). Proteolysis 
plays an essential role in the developing flavour of meat and seafood products, while 
protein and lipid oxidation products are inter-related, and influence specific flavour and 
odour. An important component of meat colour is myoglobin chemistry, along with other 
proteins such as haemoglobin and cytochrome C (Kerry and Ledward, 2009; Mancini and 
Hunt, 2005). The texture of meat is directly related to its protein matrix, and is affected by 
protein backbone cleavage (proteolysis of structural proteins) and crosslinking. In terms of 
nutritional value, proteins represent a key macronutrient in meat and seafood, while 
protein-protein and protein-lipid crosslinks, protein cleavage and amino acid damage are 
associated with the deterioration of nutritional value (Erickson, 1997; Love and Pearson, 
1971). Resultant food structural modifications in turn affect properties such as moisture 
retention, solubility and digestibility (Xiong, 2000).  
Meat modification is further influenced by conditions immediately prior to, and after, 
animal slaughter. Physiological reactions to stress may influence the rate and extent of post 
mortem pH decline, altering the modification profile and thereby impacting quality 
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parameters such as tenderness, colour and water-holding capacity (Ferguson et al., 2001; 
Ferguson and Warner, 2008). Recent findings suggest that pre-slaughter stress may enhance 
oxidative reactions during ageing (Picard et al., 2010). Oxidative damage is implicated in 
meat quality deterioration, for example in high O2 packaging during long-term chilled 
storage. Protein ex vivo modification in seafood products is typically less well studied than 
meat, however it is of equal concern with respect to the quality and value of the resultant 
food product (Baron et al., 2007; Kinoshita and Sato, 2007; Kjaersgard and Jessen, 2004).  
4.5.3 Grains and cereals 
Degradative modification also significantly influences the quality of high protein plant-
derived foods, notably grains and cereals. Oxidation of these proteins also influences the 
formation of off-flavours and the nutritive value (Heinio et al., 2002). Plant proteins are 
increasingly being used as ingredients and additives and ingredients in processed food, and 
therefore modifications induced in these proteins during processing and storage and an 
important consideration for the food as a whole. 
5. Redox proteomics 
The emerging proteomic sub-discipline of redox proteomics is based on the study of key 
reductive and oxidative chemistries occurring within proteins (Dalle-Donne et al., 2006). In 
complex biological systems exposed to varied processing and environmental conditions, 
such as is the case for foods, mapping the vast potential array of protein modifications is 
particularly challenging. Traditionally, holistic evaluation methodologies have been 
employed for assessing food proteins, including evaluation of protein extractability and 
determination of total carbonyl content. However, the advent of advanced proteomic tools 
and approaches means that mapping and tracking molecular level changes directly within 
the proteins is now possible. Redox proteomics adopts and customises techniques from 
more classical shotgun and differential proteomic approaches to provide an unprecedented 
overview of these molecular changes. Some of the underpinning steps in such an approach 
are outlined here. 
5.1 Characterisation of modifications 
The first critical step in mapping food protein modifications is characterisation of the 
modifications. This can be very challenging as modification patterns can be highly complex, 
and any given modification, at a specific site in a specific protein, is likely to be present in 
very low relative abundance. In addition, the induction of protein-protein crosslink 
networks throughout the substrate further complicates peptide extraction and identification. 
As a further note, it is critical that any extraction procedure selected for subsequent 
proteomic analysis does not induce any further protein modification. The protein sample is 
generally enzymatically digested and analysed by one- or multi-dimensional LC-ESI-
MS/MS or LC-MALDI-MS/MS, in a typical MudPIT-type approach (Thomas et al., 2006). 
Detailed MS/MS evaluation allows specific peptides to be selected and fragmented to 
provide structural information on modifications, and modification pathways from the key 
affected amino acid residues can be constructed. Bioinformatic analysis allows the location 
of modifications within proteins. For food systems where extensive crosslinking inhibits 
enzymatic digestion, a combined chemical/enzyme approach can be employed. For 
instance, initial chemical digestion with 2-nitro 5-thiocyanobenzoic acid (NTCB), which 
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cleaves next to cysteine residues, followed by more standard tryptic digestion, can be 
effective at digesting crosslinked proteins to produce peptides suitable to mass 
spectrometric evaluation (Koehn et al., 2009). 
5.2 Profiling and tracking 
Profiling protein modifications allows construction of degradation pathways, while tracking 
individual or collective modifications provides precise molecular evaluation of processing 
and/or environmentally-induced changes, as well as validation of any amelioration strategy 
(Davies et al., 1999; Gracanin et al., 2009). 
Both redox and Maillard chemistries generate a range of products in susceptible protein 
regions, and it is the type and abundance profile of these multiple products that results in 
the overall food properties. Changes in relative abundance in mass spectrometric analysis 
can be used to track the progressive loss of native peptides and proteins of parent peptides, 
and the corresponding formation of modification products within those proteins and 
peptides (Grosvenor et al., 2009). This can be used to evaluate differing protein processing 
or treatment parameters, as wells as monitor variation under a range of environmental 
conditions. However, the effectiveness of MS ion abundance data to track modification is 
limited by factors such as variation between analyses. 
A related approach to evaluating molecular level is the characterisation and tracking of 
marker peptides. An initial analysis of the protein substrate is performed to identify 
peptides which fulfil selected criteria, such as reproducible extraction and a unique mass 
within the MS profile of the sample (Grosvenor et al., 2009). Individual marker peptides are 
then monitored and tracked. Another emerging approach to profile protein modifications is 
to utilise a scoring system, where different modifications are assigned a score and the range 
of modifications observed at a certain MS/MS identification threshold contribute to the 
overall score (Dyer et al., 2010). The data can be broken down to evaluate selected 
modification types, and scores between samples allow effective comparison and contrast. 
A recent, novel approach to tracking protein modifications is to utilise stable isotope tags, 
such as iTRAQ (Wiese et al., 2007; Wu et al., 2006). Peptides from protein samples subjected 
to a range of conditions, such as differing hydrothermal processing times, are each tagged 
with a different iTRAQ label after enzymatic digestion and subsequently combined into one 
sample. MS/MS analysis of individual peptides generates reporter ions which allow direct 
tracking of the relative abundance of specific native or modified peptides across the 
conditions. Proof-of-concept for this approach has been demonstrated in model peptides, 
but its utility in more complex samples, such as whole protein foods, is yet to be fully 
explored (Grosvenor et al., 2010a; b; 2011). 
5.3 Mapping carbonylation 
As discussed earlier in this chapter, holistic evaluation of protein carbonyl content is a 
relatively good indicator of overall oxidative degradation (Thomas et al., 2006). However, to 
locate where such carbonylation is occurring, more advanced proteomic strategies are 
required. 
Characterisation and mapping of carbonylation sites within the proteome can be achieved 
by affinity purification coupled to LC-MS/MS. Typically, in this approach reaction of 
biocytin hydrazide to tag and trap the carbonyl groups results in hydrazone conjugate 
formation (Thomas et al., 2006). Streptavidin immobilised on agarose is then used to select 
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out the carbonylated proteins or peptides, and then evaluation of the proteins is performed 
using a standard MudPIT approach. Mapping of carbonylation within food proteins has 
been very limited to date, but promises to further advance our understanding of food 
protein molecular changes under oxidative stress. 
5.4 Crosslink characterisation 
Protein-protein crosslinks are very difficult to characterise and locate proteomically. Specific 
crosslinks are typically present in very low abundance within the protein substrate. In 
addition, protein digestion techniques must leave crosslinked peptides intact during 
extraction. To add to the challenge, software for identifying and sequencing crosslinked 
peptides are highly limited in their utility. However, more recently new approaches are 
emerging which may progressively make comprehensive elucidation of crosslinks in 
complex food protein mixtures possible. 
Many crosslink evaluation strategies developed to date are based initially on partial 
digestion of the protein substrate, often followed by isotopic labelling (Back et al., 2002; 
Chen et al., 1999). The most common isotopic labelling approach is based around the action 
of trypsin, which adds an oxygen atom to the C-terminus at its point of protein cleavage 
(Mirza et al., 2008). Since crosslinked peptides have at least two C-termini, tryptic digestion 
in 18O isotopically enriched water results in two or more 18O atoms being incorporated 
where a crosslink is present. A parallel digestion is performed in regular water. Subsequent 
proteomic analysis of the resultant peptides can then select for crosslinked peptides through 
identification of a characteristic mass shift of 8 amu relative to the unlabelled peptide in the 
case of a single crosslink (Back et al., 2002). 
6. Redox proteomics case study 
6.1 Introduction 
In this case study we present the concept and practical application of an advanced damage 
scoring framework to characterise the oxidative and non-oxidative damage occurring in 
UVB-irradiated protein fractions and in commercially available dairy products. 
As established in the previous section, redox proteomics is an essential component of the 
molecular-level characterisation of food. In particular, it can provide strong evidence for 
protein damage due to food processing and packaging, incurred during retail display or 
during preparation. Since nearly all food product quality parameters correlate directly or 
indirectly with protein quality and function, molecular-level characterisation of protein 
modification and damage is of crucial importance for the food industry. Understanding of 
protein damage at the amino acid residue level and correlation with processing parameters 
will ultimately allow process improvement and mitigation/repair of protein damage. 
We have previously used a damage scoring system for the characterisation of UVB-induced 
photo-oxidation in wool (Dyer 2010). This system allowed us to assign an absolute 
numerical value to the degree of damage in the samples under investigation. 
In this case study, we describe a significantly refined version of our damage scoring system, 
allowing us to perform an advanced evaluation of redox and non-redox protein 
modifications, with precise weighting and thresholding functionality. This is achieved in a 
state-of-the-art redox proteomics context, based on LC-MS/MS data, ensuring 
representative coverage across all key proteins in a sample. 
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First, in a proof of concept approach, we show how damage scoring helps to quantify and 
characterise the damage in two model proteins as induced by a redox event. Then, we 
demonstrate the application of our damage scoring system to commercially available dairy 
products, sourced from a local supermarket. 
6.1.1 Proof of concept – lactoferrin and β-lactoglobulin 
Our previous work has allowed us to develop an advanced understanding of the 
photochemistry underpinning oxidative modification of proteins subjected to UVB 
irradiation (Dyer et al., 2006a; Dyer et al., 2006b; Dyer et al., 2009; Dyer et al., 2010; 
Grosvenor et al., 2010a). Therefore, UVB irradiation was chosen as the method to reliably 
induce oxidative modifications in dairy proteins. The aim of this proof of concept preamble 
was to establish that our damage scoring system is able to detect redox proteomic 
differences between control and treated samples. 
Bovine lactoferrin and β-lactoglobulin were chosen as the model proteins. Lactoglobulin is 
the major protein in whey and is extremely well characterised, including its potential post-
translational modifications. Lactoferrin is a high value milk protein that encodes a number 
of antimicrobial peptides, however its potential modifications are less well characterised 
(Arseneault et al., 2010; Murdock et al., 2010; Stelwagen et al., 2009). 
The proteins, at a concentration of 2.4 mg/ml in PBS, were subjected to UVB light for 40 
minutes, while controls were left untreated. This procedure was expected to induce a 
significant amount of oxidative modifications compared to the control. 
After reduction, alkylation and trypsin digestion of the proteins, the peptide samples were 
analysed using nanoLC-MS/MS. This allowed the acquisition of MS/MS information for a 
large number of peptides. This MS/MS data was then utilised for peptide/protein 
identification and characterisation of modifications. Specifically, data files were converted to 
peak lists, imported in the ProteinScape data warehousing software, and serial Mascot 
searching of the data using specific sets of variable modifications was initiated. A number of 
specific searches including a selection of variable modifications were conducted. Each 
search focused on a specific set of modifications, e.g. non-oxidative modifications such as 
methylation, deamidation, ubiquitylation, or on progressive sets of oxidative modifications 
such as 1st, 2nd, 3rd and 4th stage oxidation events of tryptophan. Searching was performed in 
the NCBInr database, querying approximately 40,000 Bos taurus sequences. A peptide 
homology threshold FDR of 6% was obtained. The various search results were then 
compiled per sample and exported to Excel. A collection of Visual Basic scripts was 
developed to remove redundancy, count, weight, score and sum the different damage 
modifications. Essentially, each targeted modification is given a factor reflecting its severity, 
based on its rank in the modification pathway (Dyer et al., 2010). The number of occurrences 
of each modification (multiplied by the modification factor) is then weighted against the 
number of observed susceptible residues. The sum of weighted scores constitutes the 
damage score. In a scenario-based approach, the trade-off between selectivity and sensitivity 
as determined by the peptide score acceptance threshold was explored. A score threshold of 
35 was chosen as the best compromise. Figure 1 shows the damage scores obtained for the 
control and irradiated lactoferrin and β-lactoglobulin samples. 
The current version of our scoring model provides a non-oxidative damage score (NODS) 
comprising 6 modifications, and an oxidative damage score (ODS) comprising 12 
modifications. Together they make up the total damage score (TDS). 
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Fig. 1. Damage scores obtained for the control and irradiated lactoferrin and β-lactoglobulin 
samples. NODS, non-oxidative damage score; ODS, oxidative damage score. 
Lactoferrin starts off with a relatively low TDS, made up of approximately 70% ODS and 
30% NODS. After UV irradiation, the lactoferrin TDS more than doubles, with oxidative 
damage representing approximately 90% of the TDS.  
Lactoglobulin has a much higher base damage level compared to lactoferrin – close to the 
damage level of irradiated lactoferrin. The reason for this is unknown, but it is possible that 
the process used to produce lactoglobulin includes a step that introduces more damage, 
compared to the process for lactoferrin. This finding highlights an additional strength of this 
scoring system: unexpected or unsuspected protein damage is revealed. In lactoglobulin, 
oxidative damage is responsible for approximately 80% of the TDS in the control sample. 
After irradiation, the TDS increases by 11%, with the oxidative damage component seeing a 
30% increase. 
It is presently unclear why the NODS appears to decrease between the control and 
irradiated samples. The fact that this is observed both for lactoferrin and lactoglobulin 
suggests that it is a direct or indirect effect of the irradiation. It is possible that some non-
oxidative modifications remain undetected in the irradiated samples because of severe 
damage (e.g. crosslinking). Replicate analyses, detailed analysis of the modifications 
involved, and comparison with other proteins may help elucidate this further. 
Using our scoring system, we observed an approximate doubling of the damage score for 
lactoferrin, and a substantial increase for lactoglobulin after irradiation. The ODS, in 
particular, increased significantly in the irradiated samples – in accordance with the 
experimental design, which strongly favoured oxidative modification. 
This provides unequivocal proof that our system is able to detect differences in damage 
between control and treated samples using proteomics data. 
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6.1.2 Application – Commercial dairy products 
With proof of concept established, we sought to apply our scoring system to commercially 
available dairy products, and investigate how various processing treatments influenced the 
damage score compared to fresh farm-sourced milk, expected to return the lowest damage 
score. 
Nine commercially available dairy products were sourced from a local supermarket. Milk 
sourced directly from a local farm was included in our analysis as an expected low damage 
control. 
The following samples were included:  
• Farm sourced milk 
• Standard fat milk 
• Standard fat milk powder 
• Standard fat milk UHT 
• Skim milk UHT 
• Skim milk powder 
• Evaporated milk 
• Low fat evaporated milk 
• Lactose free UHT 
• Skim calcium enriched UHT 
Because of challenges associated with the protein concentration dynamic range in dairy, 
whey fractions were obtained from all samples in order to eliminate casein. 
These fractions were loaded on anion exchange cartridges, and the unretained fraction was 
selected for further analysis. This fraction, among many other proteins, contains lactoferrin. 
Samples were analysed as described in the previous section. Briefly, samples were reduced, 
alkylated, trypsin digested and analysed using LC-MS/MS. Data was imported in 
ProteinScape, repeatedly searched using specific sets of variable modifications, and 
combined search results were exported to Excel for scoring. As before, a score threshold of 
35 was chosen. Figure 2 shows the damage scores obtained for the dairy samples. 
Farm sourced milk and standard fat milk have very similar damage levels, although the 
NODS for farm sourced milk is slightly higher. In general, the levels of non-oxidative 
damage are in the same range in all samples, whereas the ODS differs substantially between 
samples, and gives rise to dramatic differences in TDS. 
The TDS in standard fat milk powder is increased compared to standard fat milk, likely 
reflecting the additional processing step the former has undergone. UHT treatment 
dramatically increases the TDS for this product family, giving the highest damage score in 
this test. The other UHT-treated products also return some of the highest damage scores, 
underscoring the potential of UHT to induce hydrothermal damage, measured primarily as 
oxidative side chain modifications. 
When heat-treated standard fat products are compared with heat-treated low fat products, 
substantially lower overall damage is recorded in the latter. Both standard fat milk UHT 
compared to skim milk UHT, and evaporated milk compared to low fat evaporated milk 
support this observation. Observations in a range of proteinaceous systems indicate that 
lipid oxidation has a synergistic effect with protein oxidation during damaging processing 
treatments or environmental insult. Consequently, products with lower lipid levels would 
be expected in many damaging conditions to sustain lower oxidative damage. Intriguingly 
however, this trend is not observed in powder products, with skim milk powder returning a  
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Fig. 2. Damage scores obtained for nine off-the-shelf dairy products and one farm-sourced 
milk sample. NODS, non-oxidative damage score; ODS, oxidative damage score. 
very high TDS compared to standard fat milk powder. The molecular damage processes 
induced during skimming and during food protein spray drying processes therefore require 
further investigation. 
6.2 Redox proteomics conclusions 
In a proof of concept study, we showed that it is possible to detect molecular-level 
damage in a redox proteomics context. Specifically, we investigated control and UVB 
irradiated lactoferrin and lactoglobulin. This revealed substantial differences in the 
amount of oxidative modification and hence damage score between control and treated 
samples. 
We then applied our damage scoring system to commercially available dairy products. This 
represented a significant increase in complexity, with analyses scaled up from individual 
proteins in the proof of concept, to the proteome level in the commercial samples. Using LC-
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MS/MS approaches and automated data analysis routines, we were able to successfully 
acquire and process data, allowing damage scoring at the sample proteome level. 
Scores returned for the dairy samples revealed that differently treated products can harbour 
substantial amounts of molecular-level damage. Farm-sourced and standard fat milk had 
the lowest levels of damage, while samples that had undergone processing treatments such 
as UHT or spray drying, showed elevated damage scores. 
The importance of detailed protein damage scoring at the molecular level in food systems, 
with direct correlation and implications to holistic product quality parameters, cannot be 
overstated. Indeed, the scoring system we have developed is equally applicable to other 
protein foods such as meat, seafood, cereal or soy. Global trends indicate growing consumer 
awareness of correlations between excessive processing and decreased product quality. 
Consumers also increasingly demand pure, untreated, clean and healthy foods. Product 
quality parameters such as flavour, odour, eating quality, nutritional value and digestibility 
are directly correlated with protein modification and molecular level damage. Therefore, 
understanding and evaluating protein quality and function is of crucial importance for the 
food industry. It will allow food producers to track and evaluate improvements to 
processing parameters, will allow substantiation of marketing claims to increasingly 
discerning and knowledgeable consumers, and will ultimately provide the world with 
healthier, more nutritious food. 
7. Future directions 
The application and modification of proteomic approaches to analyse the complexity of food 
protein modification is anticipated to become increasingly important in the area of general 
food science, quality assurance and product differentiation. In addition, we anticipate further 
application of these approaches to understanding food protein modification with respect to 
subsequent digestive processes, and to actually tracking the molecular modification and 
truncation of proteins during human consumption and digestion. Until now, this area has 
been limited by the lack of sensitive and specific technologies to track molecular level damage 
mechanisms. However, development of the enabling proteomic technologies summarised in 
this chapter indicates that the goal of mapping the complex process of food protein digestion is 
attainable. This will facilitate the correlation of modification and digestion profiles with food 
quality traits, particularly nutritional and health effects. 
Another key area of future development is in the development of advanced food quality and 
function. Future step-change advances in meat and dairy biotechnologies, such as advanced 
phenotyping for quality traits and predictive selection for resistance to specific oxidative 
stresses, will require integrated evaluation at the molecular level. In addition, to truly 
understand and control these phenotypes and product attributes, it is critical that proteomics 
is linked to lipidomics, as protein and lipid modification are correlated. These approaches have 
the potential to open up considerable new areas, enabling study of the networks involving the 
functional interactions and pathways of food proteins both in vivo and ex vivo. 
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